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This paper deseribes the design and implementation of Hardware in the Loop 
(HIL) system D.C. motor based wind turbine emulator for the eondition 
monitoring of wind turbines. Operating the HIL system, it is feasible to 
replieate the aetual operative eonditions of wind turbines in a laboratory 
environment. This method simply and eost-effeetively allows evaluating the 
software and hardware eontrolling the operation of the generator. This 
system has been implemented in the Lab VIEW based programs by using 
Advanteeh- USB-4704-AE Data aequisition eard. This paper deseribes all the 
eomponents of the systems and their operations along with the eontrol 
strategies of WTE sueh as Piteh eontrol and MPPT. Experimental results of 
the developed simulator using the test rig are benehmarked with the 
previously verified WT test rigs developed at the Durham University and the 
University of Manehester in the UK by using the generated eurrent speetra of 
the generator. Eleetrie subassemblies are most vulnerable to damage in 
praetiee, generator-winding faults have been introdueed and investigated 
using the terminal voltage. This wind turbine simulator ean be analyzed or 
reeonfigured for the eondition monitoring without the requirement of aetual 
WT’s. 
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1. INTRODUCTION 

Over the decades, the wind turbines (WT) became the swiftest evolving renewable energy 
technology. The control of the WT becomes important with the increase in the power level of the turbines. To 
achieve high performance and high efficiency in power systems. Power electronic plays a vital role in wind 
power systems[l-2]. Operational and maintenance cost are the most important factors for the technological 
progress of the wind turbine(WT) systems [3]. Figure 1 presents the failure rate of wind turbine components 
[4]. The repair and maintenance of the WT electrical components can be very costly if the faults 
lie unnoticed [1]. 

Inter-turn short circuit faults in the stator accounts for a substantial percentage of all the possible 
faults occurred in wind turbine generator [4-6]. In a very short time, disastrous damage to the machine can be 
caused [4-7]. Therefore fault should be quickly detected using the condition monitoring. The evaluation of 
the fault diagnosis process on the actual wind turbine may damage the complete system. Therefore, for CM 
evaluation, wind turbine test rig is required to emulate wind energy conversion systems [7-8]. In the most of 
the earlier research, test rigs are controlled by aerodynamic forces using wind turbine emulator [9-11], speed 
control by PEC [12], analog inputs [13] and wind tunnel [14]. 

For a given wind velocity, wind turbine emulator (WTE) generates same energy and torque as 
generated by actual WT [7-8]. The WTE consists of two mechanically coupled electrical machines, with the 
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wind torque is imitated by the motor and other maehines ean be used as generator Ml imitating, and M2 
stand-in as a generator [7-9]. 

For the growth of wind energy eonversion systems (WECS), HIL (Hardware-in-the-Loop) 
simulation is an essential kit. The eoneept of a hardware-in-the-loop simulation system is to replaee the 
physieal systems with the simulation platform. Through an interfaee, this platform makes a elosed loop 
system with the real deviees. Without the need of real wind turbine or natural wind resourees, this system 
reproduees the WT eharaeteristies both steady state and dynamie features in a eoordinated environment. The 
emulator drives an eleetrieal generator like WT, by replieating the torque settled by a WT. Also, it ean be 
developed as an edueational tool to illustrate the operation, behavior, and eontrol of a WT [15-22]. 

The prineipal objeetive of this researeh paper is the development of HIL simulator for the 
development of test rig. The real-time HIL simulator for eontrol and monitoring the test rigs are developed in 
the LabVILW whieh eontrol the prime mover as per WT norms and follows the speed-torque features of the 
WT.This output of the test rig is benehmarked with the proven test rigs [18-21] by analyzing the generated 
eurrent speetra. With HIL simulator, short eireuit fault has been analyzed in the test rig using the FFT 
analysis. 
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Figure 1. WT Distribution of failures data 


2. WIND TURBINE EMULATOR MODEL 

To imitate the wind turbine, the test-rig was with the speeifieations as mentioned in Table 1. The 
bloek diagram and experimental setup of the test rig are illustrated in Figure 2 and Figure 3 [19, 23-24]. 


Table 1. Parameters of wind turbine 


Specifications 

Value 

Rated power 

800 Watts 

Rated wind Speed 

7.5 m/sec 

Radius of WT 

1.5 m 

Power coefficient 

0.49 

WT inertia coefficient (min-max) 

0.08 kgm2-0.18kgm2 

Optimum power coefficient (P=0®) 

0.412 

Optimum TSR (P=0«) 

8 

Generator type 

SCIG 

Drivetrain 

Direct 
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Figure 2. Experimental setup-Block diagram 



Figure 3. Actual Experimental setup 


3. WIND TURBINE AERODYNAMIC MODEL 

The accessible wind power of a WT with length E, radius R, , air density p , swept area A, power 
coefficient Cp and wind speed v is given by[9,17-19]: 

P = V2pv"CpA (1) 

Power coefficient is the function of tip speed ratio (7-) with co is the rotor angular velocity, which is 
specified as 

A = Rco/v (2) 

Cp - A relationship are presented in Figure 4 [11]. 



Figure 4. Power Co-efficient and Tip speed ratio characteristics of a WT 
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The numerical approximation of the power coefficient can be computed as [11-14]: 

Cp(A, p) = - C4 - C3p)e“^^Ai + C6 A (3) 

The mechanical torque produced can be computed from the shaft speed and WT power and as 
given by [11-14]: 

Twind = R^Cp (4) 

The WT dynamic model can be illustrated as 

Jr^ = Twi„d-Tge„-Trf (5) 


WhereTgen -the generator torque, 

Trf - the rotor friction torque, 

Jr - the equaling interia of the rotor. 


4. HARDWARE-IN-THE-LOOP (HIE) SYSTEM 

Graphical illustration of the WT and HIT systems are presented in the Figure 5. The HIT system is 
made to equipped with 220 V, 1.5 kW induction machine as the prime mover, a 2.5 kW separately excited 
D.C motor. For data acquisition card, Advantech 4704 is used as an interface between hardware and software 
(Lab VIEW). 



(3) (bj 


Figure 5. (a) Representation of WT systems, (b) HIE simulator system 


Figure 5 (a) [15-16] presents the dynamics of the WT system. The similar dynamic behavior can be 
imitated by the HIE system: 


^ dt 


= T^-T 


load 


( 6 ) 


Where J^is the corresponding inertia at the motor side, Tj^ is the motor torque, 0)^ is the rotational speed of 
the motor shaft, and the total load torque, Tio^d is specified as: 


T 


load 



hf 


(7) 


Where x is the gear ratio, Tgen is the torque of the generator, and T^f is the friction torque. The rotational 
speed of the generator, cOggn, is linked to the motor speed by (8) 
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With the assumption that the generator is directly coupled to the rotor and the WT with no gearbox, the 
rotational speed of the rotor would be similar to as the rotational speed of the generator in the HIE system as: 

Q)r — Wgen (9) 

The performance of the WT system, with the suitable motor torque Tj^, can be imitated by the HIE simulator. 
From the (4)-(8) the reference torque in the simulator can be computed as: 

Tm = ^ (T„i„d + Trf - Tg^n) (10) 

Jw 

The representation of the HIE system and WT system are presented in Figure 6 where for imitating the rotor 
dynamics, the motor is used as an actuator. 



Figure 6. Representation of the HIE System, WT dynamics, and reference motor torque calculation 


5. THE CONTROL ALGORITHM 

To calculate the frequency of wind speed in the various ranges, the subprogram was developed as 
shown in Figure 7. To calculate the value of the power created by the WT as described in (1), the subprogram 
is shown in Figure 8. 



Figure 7. A subprogram producing the wind speed variability in EabVIEW 
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Figure 8. A subprogram measuring the power produeed by the wind turbine in Lab VIEW 


The power eoeffieient as defined in the equation (3), the VI as shown in Figure 9, whieh is 
interfaeed with the test rig using DAQ was developed in the Lab VIEW. The VI bloek as presented in the 
Figure 10 filters the high harmonie eontents in the real-time eurrent signal. The PI eontrol is implemented in 
the Lab VIEW. PI eontroller tunes the error in the eurrent by eomparing the referenee eurrent with the aetual 
eurrent. The PI with a referenee point eontrol as: 

u(t) = Kpe(t) + Ki Jp e(t)dt (11) 


Where: 

u(t) is aetuating signal 
Kp is proportional gain 

Kj is integral gain 
e(t) is error signal 

The Laplaee transform of the aetuating signal integrating in proportional plus integral eontrol is 

U(s) = Ki^+KpE(s) (12) 

The PI eontrol of D.C Motor system with the elosed loop system is presented in Figure 10. Both 
referenee eurrent and aetual eurrent are eompared and then applied to PI eontroller. By using the proportional 
gain, Kp in an interaetive fashion, tuning the eontroller for optimal performanee was done manually. In a 
similar way, integral gain Kj was ehosen to reduee the steady-state error to zero. The eontrol environment 
then eommunieates a eontrol signal, 0-1OV related to eurrent demand, to the variable speed D.C drive in real 
time. 
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Figure 9. The subprogram ealeulating the eoeffieient Cp 
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Figure 10. Lab VIEW interface for Digital PI Controller, Current filter block 


To control the speed of the D.C motor, a thyristor-based D.C drive has been used. D.C drive can 
operate as a four-quadrant drive and allows torque control and/or speed control of a D.C motor. By 
maintaining constant field current and controlling the armature current, it allows controlling the speed of the 
D.C motor. Figure 11 shows the control schema of D.C drive. By using the Lab VIEW PI, speed demands are 
converted into the current demands. 



Figure 11. Control schema of D.C drive 


The real-time code is also written in the Lab VIEW which acknowledges the interrupt and transfers 
the output into the output channel as shown in Figure 12. For armature voltage regulation, the inputs to the 
full wave half controlled rectifier circuit are the controlled signals from the developed Lab VIEW VFs. By 
switching ON the relay through digital output control of DAQ, the operations of the motor are started. The 
real-time data inputs like D.C motor speed and current as seen in Figure 13 are acquired by generating an 
interrupt. Beginning from left to right, the simulation executes sequentially, from source to sink block. This 
process is iterated over the desired time period using the operator defined time step. Beginning the process, 
the simulation retrieves the shaft speed of the generator from the tacho-generator over the DAQ channel. The 
high harmonic contents in the real-time speed signal are filtered by the LPF filter as shown in Figure 14 and 
then the filtered speed is fed into the WT model. Based on the user requirements, the test rig can be 
controlled at either constant or variable speed. The results in this research are restricted to two variable speed 
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driving conditions demonstrating known WT driving conditions. To reduce the volume of data recorded, the 
number of different driving conditions was kept to a minimum. 




Figure 13. Lab VIEW VI for interrupt inputs 
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For real-time communication between the user and WTE test rig, the control panel as presented in 
Figure 15 developed in EabVIEW. The User can constitute various parameters of WTE such as WT Radius, 
Wind speed. Motor ON/OFF, Proportional Integral Gain, Speed Control and integration of Microsoft office 
for data storage. The control schema as illustrated in the Figure 16 that has been implemented includes MPPT 
using a chopper controlled circuit, modeling of WT in EabVIEW, and pitch control scheme using a PI 
controller. If the WTE works at the optimum tip speed ratio, maximum power can be obtained from the 
emulator for a constant wind speed. By comparing the actual tip speed ration with the optimum tip speed 
ratio, MPPT control logic generates the gate pulses using the PWM technique. The main task of the hardware 
in the loop simulator developed in the EabVIEW is to establish the bi-directional communication with the 
machine; acquirement of terminal voltage and generator current, calculation of tip speed ratio, Cp - A curves, 
implementation of MPPT and TSR algorithms, computation of pitch angle and generated electric power as 
per the wind speed data. Figure 17 presents the schematic layout of the interface circuit established in 
EabVIEW. The comparison of the actual current with the reference current is presented in Figure 18. 
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Figure 15. Control Panel 



Figure 16. Block diagram of the control schema 
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Figure 18. Actual current vs. Reference current 


6. RESULTS 

The experimental set-up is run under different wind speeds for comparison of power speed 
characteristics of real WT and designed WTE. Initially, the set up is run under a constant wind speed of 6 m/s 
with the balanced three-phase load applied on the generator. To obtain power versus speed characteristics of 
the WTE, this process is repeated for different wind speeds. Figure 19 illustrated the power-speed features of 
WTE and WT. dot values represent the experimental measurement whereas solid line depicts the theoretical 
calculations of the wind turbine. There is a right degree of agreement between the measured values and 
calculated values as observed in the Figure 19. The performance assessment of actual (power, current) and 
reference (power, current) are illustrated in the Figure 20 and Figure 21. It is be depicted from the results that 
hardware in loop simulator efficiently reproduces the WT characteristics. 

The experimental results of the test rig using the steady state spectra analysis were benchmarked 
with the research done at Durham University and University of Manchester UK [25-28]. Table 2 contains the 
specifications of the test rigs. The WTE was run up to the required super-synchronous speed using the HIE 
simulator at the constant wind speed of 7m/s. Despite different levels specifications as tabulated in Table 2, 
the current spectra is presented in Figure 18 [18-21], Figure 19 [18-21] and Figure 20 suggest similar spectral 
content. With the fundamental frequency and 3rd harmonic, frequencies ‘c’ and ‘d’ are associated. These 
frequencies are steady in all the machines. Machine dependent frequencies ‘a’ and ‘b’ and frequencies ‘e’ 
and T also presents the alike results notwithstanding different operating environments. 
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Figure 19. Power speed characteristics of WTE 
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Figure 20. Reference and actual power comparison for a constant wind speed of 7 m/s 



Figure 21. Reference and actual current comparison for a constant wind speed of 7 m/s 


Table 2. Specification of the test rigs 


Parameters 

Manchester 

Durham 

NITK 

Generator 

Type 

DFIG or WRIG 30 KW 

WRIG 30 KW 

SCIF 1.5 KW 


No. of poles 

4 

4 

4 


Rotor resistance, Q 

0.07 

1.2 

2 


Converter 

Back-to-back, 8 kHz Switching 

None 

None 

DC Motor 

Driving motor (DC) 

40 kW constant Speed 

54 kW variable Speed 

2.5 KW 

Grid connection 


Direct or via Variac 

Direct 

None 

Gearbox 


None 

5:1 helical 

None 

Data 

Hardware 

Precision oscolloscope 

NI Lab VIEW 

NI Lab VIEW 

Acquisition 

Sampling frequency, kHz 

2 

5 

2 

MATLAB FFT analysis 


0-500 Hz 


0-500 Hz 
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Figure 22. Current speetra of test-University of 
Manehester 


Figure 23. Current speetra of test rig - Durham 
University 



Figure 24. Current speetra of test rig made in the lab 
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Figure 25. (a) wind profile (b) Shaft speed (e) terminal voltage (d) Generated eurrent 
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As presented in the Figure 25, varying wind profile from 6 to 7 m/s is applied using the HIW 
simulator to analyze the dynamic behavior. Shaft speed of the WT, terminal voltage and generated current 
follows the wind profile as presented in the Figure 25. This result prove the validity of HIF simulator. 




Figure 26. (a) terminal voltage (b) shaft speed (c) line current- At a constant wind speed healthy conditions 
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Figure 27. Terminal voltage with short eireuit fault 
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Figure 28. The power speetrum of generated voltage in healthy eonditions at eonstant wind speed 



frequency 

Figure 29. Power speetrum of voltage in faulty eonditions at eonstant wind speed 


Phase to phase short eireuit fault through a resistor was initiated using the HIT simulator. Terminal 
voltage eontains the unique set of frequeneies whieh are again further analyzed in the HIT simulator. Figure 
26 presents the terminal voltage, shaft speed, and the generated eurrent. This test was done at no load and 
eonstant wind speed. As illustrated in the Figure 26, generated voltage is 220 V, shaft speed remains eonstant 
at 1480 RPM whereas generated eurrent is negligible beeause of no-load. Figure 27 presents the terminal 
voltage when short eireuit fault is introdueed. Figure 28 presents the power speetrum of voltage in the healthy 
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conditions in which odd harmonics (i.e. 1st, 3rd, 5th), at 50 Hz, 143 Hz and 241 Hz are most evident. In 
faulty condition, with slip = 0.22, sidebands at 20.75Hz, 79.25Hz, 20.75Hz andl79.25Hz around first and 
third harmonics are quite obvious as shown in Figure 29 which confirms the validity of short circuit fault and 
HIL simulator. 


7. CONCLUSION 

For WT testing, the development of wind turbine simulator is presented. The developed simulator 
was implemented by low-cost data acquisition devices and other controllers and developed in the 
LabVIEW.Wind speed can be easily programmed based on the manual setup or recorded wind speed data. 
The benefits of the simulators are that various WT’s and wind profiles can be integrated as required in the 
software and it comprises the data acquisition to verify the algorithms and exhibit the parameters. The system 
could deliver all crucial parameters of the WT system such as wind speed, torque coefficient, output torque, 
output power, tip speed ratio, and power coefficient. The experimental result validates the performance of the 
HIL systems both under steady-state and dynamic conditions. The power curves which follows the WT 
features shows the good operations of HIL simulator. Stator winding faults are detected using the power 
spectrum analysis. This system would be quite useful for the condition monitoring of wind turbines. 
Simplicity, real-time interfacing, and user controls allow HIL simulator for practical use 
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